Aiming to study the effect of particle size on the wear property of magnetorheological fluid (MRF), experiment materials, preparation process, and test methods are elaborated, and three different MRF samples consisting of particles of different size are prepared. Test experiments are carried out and the effect of particle size on the wear property of MRF is discussed. Moreover, the microstructures of particles extracted from MRF obtained before and after the wear experiments are observed by scanning electron microscope (SEM). Experimental results show that the particle size has a significant effect on wear property of MRF. Furthermore, the MRF with particles of 1.5-2.8 m diameter on average is good for the requirement of engineering applications.
Introduction
Magnetorheological fluid (MRF) is a new type of intelligent materials, which is a suspension consisting of carrier liquid, soft magnetic particles, and surfactant [1] [2] [3] [4] . Without additional magnetic field, MRF appears as Newtonian fluid with low viscosity and good fluidity. But its rheological properties will change significantly in the presence of external magnetic field: it will become solid-like, and these changes are instantaneous, controllable, and reversible [5] [6] [7] [8] . Due to its unique characteristics, MRF has wide application in shock absorbers, transmission devices, brake apparatus, and medical equipment as well as aerospace materials [9] [10] [11] [12] [13] [14] . But, according to relevant research, the torque capacity that transmission devices can transmit will decline [15] [16] [17] , and sedimentation stability as well as zero-field viscosity of MRF will change after use. These changes are mainly caused by the wear of MRF which includes evaporation of liquid, destruction of the additive, and the wear of particles [4] . The small role of the first two factors makes the wear of particles crucial in affecting the properties of MRF. In particular, the wear of particles will decrease the shear stress of MRF greatly and be harmful to the stability and application of MRF.
In this paper, we expect to explore the effect of particle size on the wear property of MRF. The wear property covers the change of shear stress, sedimentation stability, and zerofield viscosity of MRF after use. As part of this study, a magnetorheological fluid transmission test-bed which aimed to conduct the wear experiments was designed and assembled in the laboratory. The shear stress of the MRF was investigated, and the sedimentation stability and zero-field viscosity were researched. In addition, the surface topography of magnetic particles was observed by SEM to interpret the possible wear mechanism of MRF.
The rest of this paper was organized as follows: Section 2 described the experimental methods and preparation of the MRF. Section 3 presented the results and discussion based on the wear experiments. Section 4 summarized the conclusions and future work.
Experimental

Experimental Methods for the Wear Property of MRF.
The magnetorheological fluid transmission test-bed is shown in Figure 1 . This test-bed mainly consists of a motor, two torque sensors, a magnetorheological fluid transmission device (MRFTD) designed by ourselves, a magnetic powder brake (MPB), a frequency converter, and a computer. The motor is the power source providing a settled speed for the input shaft. Upon performing the experiments, let the MRFTD work under the effect of constant magnetic field by regulating the exciting current at 3.5 A. The exciting current is produced by adjustable DC power source. And the load of this system is set by adjusting the exciting current of MPB to 0.4 A. Besides that, the torque sensors are used to get the torque and the rotative speed difference of working disks, and the data is collected by the computer. All experiments are carried out at room temperature.
Preparation of MRF.
The preparation of MRF can be realized by existing technology [18, 19] . The detailed steps can be described as follows. Firstly, carrier liquid and surfactant are mixed with certain proportion in a container. The mixture is stirred evenly under water-bathing at 50 ∘ C in a blender for 2 hours. Then, soft magnetic particles are poured slowly into the container while the blender is running. The particles are evenly distributed in the compound liquid after this step. Secondly, the mixture is milled in a planetary ball mill for about 10 h. The aim of this step is to ensure that soft magnetic particles are coated sufficiently by surfactant. The whole process can be shown in Figure 2 .
Keep the ingredients of MRF samples identical except for particle size. And the volume fractions of soft magnetic particles are 20%. The details of soft magnetic particles (carbonyl iron powder, purchased from Jiangsu Tianyi Ultrafine Metal Powder co., Ltd.) and the index of samples are given in Table 1 .
Results and Discussion
Shear Stress of MRF.
The relation between shear stress ( ) and transmitted torque of MRF ( ) can be expressed as follows [20, 21] :
Here, 1 is the inner radius of actuator disk, 2 is the maximal radius of actuator disk, is the viscosity of carrier liquid in zero magnetic fields, Δ is the rotative speed difference of working disks, and ℎ is the spacing of the two disks. The latter part of the formula is the torque produced by . Generally, is quite small, and the torque produced by it is below 2 percent of whole transmitted torque of MRF. So, leaving out the latter part, the equation can turn into
Thus, according to the maximal transmitted torques we recorded every one hour during the wear experiments, the corresponding shear yield stresses are obtained. The three MRF samples' change trends of shear yield stresses with working time under the same magnetic field are shown in Figure 3 , which clearly show that shear yield stresses of MRF samples decrease with the increasing of working time. But, 
Sedimentation Stability of MRF.
The sedimentation stability is measured by visual observation method that every MRF sample is put into a 25 mL measuring cylinder and placed for a period of time (about 10 days). Then, the length of sediment in a certain interval is recorded. The sedimentation stability of MRF can be roughly evaluated by the sedimentation ratio calculated as follows [22] :
In this formula, ℎ represents the length of sediment and represents the total length of MRF. The sedimentation ratio of all of the samples is shown in Figure 5 . All the sedimentary curves show a similar trend that the sedimentation ratio increases over time and tends to be steady after long settling time. to the research result from Lord Corporation which is specializing in the application of MRF, the well sedimentation ratio of MRF is less than 20% [23] , so we can say that, after the wear experiment, MRF-35-b is doing well in sedimentation stability. It can be seen that the surface of some particles is worn because of long operating time.
Zero-Field
3.5. Discussion. According to the experiment results on the wear property of our prepared MRF, it can be found that the particle size has a significant effect on its wear property. The shear yield stress test results show that MRF-15, MRF-25, and MRF-35 all decrease over time and the decrement gets larger with the increase of particle size. Besides that, a comparison of the shear stresses of MRF samples under the same exciting currents is carried out. The result shows that the shear stress of MRF declines after the wear experiments. Furthermore, by observing the sedimentation ratio and zero-field viscosity of MRF samples, we can find out that they both increased after the experiments. Above all, all the changes get larger with particle size. Lastly, the images taken by SEM indicate that some particles in MRF which have worked for a long time are worn. It can be speculated that the shear stress declines because of those worn particles. Then, the carrier fluids are mixed in the debris of particles. As a consequence of this, the zero-field viscosity increases. What is more, the irregular particles and wear debris can undermine the balance of MRF, thus reducing the stability of sedimentation in some way.
In conclusion, big particles are more likely to be damaged although they are very efficient at improving the shear stress of MRF, so MRF with big particles performs less well in the wear property. In this paper, MRF-35 consisting of particles of 1.5-2.8 m in diameter on average is the best selection.
Conclusions and Future Work
In this paper, several wear experiments were carried out on the test-bed to study the wear property of MRF, and three MRF samples with different size of particles were prepared. Additionally, the effect of particle size on wear property of prepared MRF was studied and discussed to provide references for further study on MRF. Although the small size particles are good for improving the wear property of MRF, they also decrease the shear stress. So the future work will focus on seeking some antiwear agents which can improve the wear property of MRF to enhance the combination property of it. And finding out the mechanism of the decreasing shear stress caused by wear particles is in the plan. 
